ABSTRACT Aim: This study aimed to explain the relationship between visual-motor integration (VMI) abilities and extremely preterm (EPT) birth, by exploring the influence of perinatal variables, cognition, manual dexterity and ophthalmological outcomes.
INTRODUCTION
Several studies have demonstrated that the majority of apparently healthy children that were born extremely preterm (EPT) are at risk of poor school performance (1, 2) . Visual-motor integration (VMI) measures the integration of visual perceptional processing and fine motor skills, including eye-hand coordination, and VMI has been reported to be correlated to school performance in reading, writing, mathematics and spelling (3) (4) (5) (6) (7) . All of these domains are known to pose difficulties for children born EPT. Several studies have reported lower VMI in pretermborn children (8, 9) , but few studies have evaluated VMI at school-age in large cohorts of exclusively EPT children born in the 2000s.
Our aim was to compare the VMI abilities of a well-defined large national cohort of children born at a gestational age (GA) of 22-26 weeks when they reached six-and-a-half years, with a control group of children born at term. We also aimed to investigate potential perinatal and Abbreviations EPT, Extremely preterm; EXPRESS, Extremely Preterm Infants in Sweden Study; FSIQ, Full scale intelligence quotient; GA, Gestational age; MABC-2, Movement Assessment Battery for Children -Second Edition; SD, Standard deviation; VMI, Visualmotor integration; WISC-IV, Wechsler Intelligence Scale for Children.
Key notes
This national cohort study explored the links between visual-motor integration (VMI) and extremely preterm birth at six-and-a-half years of age. Poor VMI performance affected 55% of the overall cohort of 355 children born before 27 weeks and rose to 78% in infants born at 22-23 weeks. The strong association that we found between VMI and cognition and manual dexterity underlines the importance of evaluating these factors in children born extremely preterm.
neonatal factors that could influence VMI abilities in the children born EPT. Furthermore, we wanted to assess how VMI was related to cognitive, motor and ophthalmological outcome in these children. As sex differences have previously been described in the neurodevelopmental outcomes of children born EPT (10) and have been reported for VMI performance in more mature preterm populations (8), we also wanted to investigate potential differences between the boys and girls in our cohort.
PATIENTS AND METHODS

Study population
This study formed part of the national population-based Extremely Preterm Infants in Sweden Study (EXPRESS), which comprised all 707 live-born children born at a GA 22-26 weeks in Sweden between April 1, 2004, and March 31, 2007 . At six-and-a-half years, 486 of 707 (69%) children were still alive. The major neurodevelopmental and ophthalmological outcomes in this cohort have previously been reported (11, 12) . Perinatal and neonatal data were prospectively collected, as previously described (13) .
Term-born children, who were identified from the Swedish Medical Birth Registry and matched for residential area, sex and date of birth, served as a control group. They were all singletons, with GAs of 37-41 weeks and a fiveminute Apgar score of more than three. The controls that had been invited to participate in the first follow-up of the EXPRESS cohort, which took place at two-and-a-half years of age, were invited to take part again at six-and-a-half years of age. If they did not wish to take part, then new controls were approached and asked to participate. The study was approved by the Regional Ethics Review Board in Lund, Sweden (number 2009/9, 2016/449), and the parents provided written consent for all of the children.
Measurements at six-and-a-half years The children born EPT and the term-born control group were assessed at six-and-a-half years of uncorrected age.
VMI was evaluated with the Beery-Buktenica Developmental Test of Visual-Motor Integration -sixth edition (14) , which consists of 30 geometrical shapes of increasing complexity. According to the standardised test administration, the child was asked to copy the shapes using a pen and paper and the test was terminated when three consecutive figures had been incorrectly copied. Acceptable copies of the figures were given one point each. The points were added together to provide a raw score, which was then transformed to an age-adjusted standard score. The standard scores were used in all analyses in this study. We used the mean and standard deviation (SD) of our control group as the reference to define mild (<À1 SD to À2 SD) and severe (<À2 SD) VMI impairment.
Cognitive function was assessed using the Wechsler Intelligence Scale for Children, fourth edition (WISC-IV) (15) . The full scale intelligence quotient (FSIQ) was used in the analyses. The testing procedure has previously been described (11) .
Motor function was assessed with the Movement Assessment Battery for Children -Second Edition (MABC-2), which measures manual dexterity, ball skills and balance (16) . Standard scores were used for the analyses in this study.
The ophthalmological assessment was carried out by a specialist in ophthalmology. The presence of strabismus, refractive errors and/or visual impairment was considered to be an abnormal ophthalmological outcome, as previously described (12) .
Data analysis
The statistical analyses were carried out using SPSS version 22.0 (SPSS Inc, Chicago, IL, USA).
For comparisons between the groups, we used the Student's t-test, Mann-Whitney U-test, the Kruskal-Wallis test or analysis of covariance for continuous data and Fisher's exact test, the chi-square test or chi-square test for trend for categorical data, as appropriate. Linear regression models were used to study associations. Potential predictors of VMI scores were identified based on clinical importance and tested in the univariate analyses (Table S1 ). If the p value was <0.1, the variable was included in multivariable linear regression models.
Effect sizes for unadjusted comparisons between the groups were calculated using Cohen's d, and the effect size was considered small if it was 0.2, medium if it was 0.5 and large if it was 0.8. For adjusted group comparisons, partial eta squared (g 2 ) was used and the effect size was considered small if it was g 2 = 0.01, medium if it was g 2 = 0.06 and large if it was g 2 = 0.14 (17) . For the linear regression analyses, the effect size was considered small if the adjusted R 2 was 0.10, medium if it was 0.30 and large if it was 0.50. A two-sided p value of <0.05 was considered statistically significant in the analyses unless otherwise specified. Figure 1 summarises the study population. Of the 486 EPT children (53% boys) eligible for this study, 355 (73%) had complete VMI data, including 23 children with cerebral palsy. Of the term-born controls that attended the six-anda-half year follow-up, 364 of 371 (98%) completed the VMI test and 55% were boys. The median age at testing was 6.6 years for the children born EPT and 6.7 years for the term-born controls.
RESULTS
Study population
In total, 382 children born EPT attended the six-and-ahalf year follow-up, and, except for a slightly higher proportion of intraventricular haemorrhage grade 1-2 (p = 0.04), they had similar perinatal characteristics to the 102 children born EPT that did not attend (Table S2 ). The VMI test could not be completed by 27 EPT children. These children had lower GAs and birth weights, more complications in neonatal life and were more likely to have cerebral palsy and abnormal ophthalmologic outcomes than the children born EPT who completed the VMI test (Table 1) . Five of the 27 children were blind.
Comparison of VMI scores between the two groups
The VMI scores were significantly lower in the EPT group than in the term control group, with mean and SD scores of 87 (AE12) versus 98 (AE11), respectively. There was a mean difference of 11 points with a 95% confidence interval (95% CI) of 9-12 (p < 0.001) and effect size (Cohen's d) of 0.96. As a larger proportion of children born EPT had mothers born in non-Nordic countries (p < 0.01) and who had lower educational levels (p < 0.01), the analyses were run again adjusting for these factors. The results remained similar, with a mean (standard error) of 88 (AE1) and 99 (AE1) VMI score (p < 0.001), a mean difference of 11 points (95% CI [8] [9] [10] [11] [12] [13] [14] and an effect size of g 2 = 0.06. Mild VMI impairment was detected in 142 of 355 (40%) children born EPT and in 45 of 364 (12%) control children born at term, with an odds ratio of 0.21 (95% CI 0.15-0.31, p < 0.001). Severe VMI impairment was detected in 52 of 355 (15%) children born EPT and in 3 of 364 (2%) controls born at term, with an odds ratio of 0.17 (95% CI 0.08-0.33, p < 0.001).
The mean (SD) VMI score of the 23 children with cerebral palsy was 79 (AE13). We repeated the analyses excluding children with intellectual disabilities (FSIQ < 70) or cerebral palsy and there was still a significant difference in the mean (SD) VMI score between the children born EPT and at term: 90 (AE10) versus 98 (AE11), respectively (p < 0.001, effect size Cohen's d = 0.76). The most immature children had the lowest VMI scores and were more likely to have VMI impairment (Table 2) . When children with GAs of 22 and 23 weeks were analysed together, their mean (SD) VMI scores were 83 (AE11), compared to 88 (AE12) for children with GA 24-26 weeks.
VMI scores and associations with perinatal factors and outcomes Low birth weight, administration of postnatal steroids and male sex were significantly associated with lower VMI scores (Table 3) , and the strongest factor was use of postnatal steroids. However, the model explained only 13% of the variance in VMI scores.
To explore the relationship between motor function, cognitive function and VMI, we analysed the association between the MABC-2 scores, including its subscales, FSIQ and VMI scores in a multivariable regression model and called this model B. We ran three variants of model B with the three subscales of the MABC-2 -manual dexterity, balance and aiming and catching -as independent variables and VMI as the dependent variable, controlling for the mother's education. Only manual dexterity was significantly associated with the VMI scores and was therefore included in the final Model B. Together with FSIQ, this explained 40% of the variance in the VMI scores (Table 3) . Ophthalmological function was not significantly associated with VMI scores in the multivariable model.
As it has been proposed that VMI in preterm infants is also affected when their FSIQ is normal (8), we wanted to compare the VMI scores between children born EPT and at term, adjusting for FSIQ, using analysis of covariance. The difference in VMI scores was still significant between the groups (p = 0.001), but with a small effect size (partial g Effect of sex on VMI scores Girls who were born EPT had higher mean (SD) VMI scores than boys and these were 89 (AE12) versus 85 (AE12), respectively (p = 0.002). The effect size measured by Cohen' d was 0.33. There was no statistically significant difference between term-born girls and boys -at 99 (AE11) versus 97 (AE11), respectively, (p = 0.11) -and the effect size according to Cohen's d was 0.19. When a multivariable linear regression model was run with the VMI standard score as the dependent variable and sex and EPT or term-born control group as independent variables, both male sex and being born EPT predicted poorer VMI scores (adjusted R 2 = 0.20, p < 0.001) (Table S3) .
DISCUSSION
This study clarified the association between poor VMI performance, cognitive function and motor function in children born EPT, by investigating VMI at six-and-a-half years of age in a large national cohort of children born EPT in the 2000s. To our knowledge, this was the largest cohort study of children born EPT where VMI at early school-age was examined compared to a term control group and in relation to perinatal risk factors and other outcomes. VMI scores were consistently lower in children born EPT compared to term born controls, and the group differences in the results were large enough to pose possible obstacles for these children in everyday school activities. We found stronger associations between VMI and contemporary abilities, such as cognition and motor function, than with perinatal and neonatal factors. Our results validate previous reports on poor VMI performance in children born EPT. VMI was most impaired in the children with the lowest GA in our cohort, which was in line with previous studies (8, 18) . Few previously published studies have reported VMI in children born EPT compared to term controls in cohorts that included a large number of children born at GAs of 22-24 weeks. This was possible in our cohort because more (25) F (0.14) extremely immature infants survived than in contemporary studies (13) . For example, 52% of the infants born at a GA of 23 weeks survived in our cohort, compared to 11% in the EPICure cohort (19) . Our finding that VMI performance was associated with FSIQ was in line with previous reports. For example, the 2012 meta-analysis by Geldof et al. (8) concluded that even though poorer VMI often coincided with poorer FSIQ, weaker FSIQ performance could not fully explain the difference in VMI performance seen between preterm children and term-born children. This was further supported by a study of children born EPT in the 1980s with a normal FSIQ and neurological function, which demonstrated that they had impaired written output, arithmetic achievement and reading abilities that were largely explained by visualmotor and visuospatial disabilities (20) . Based on these reports, we wanted to examine the difference in VMI scores adjusted for FSIQ and in our study the difference in VMI scores between children born EPT and term children was small when they were adjusted for FSIQ. This could be expected, as VMI and cognition are closely related and dependent on each other. It is possible that part of the poor 
VMI completed at six-and-a-half years, n (%) (of all children assessed at six-and-a-half years) school performance reported in children born EPT could be mediated by this association. In our cohort, VMI was also associated with manual dexterity, which could be expected, as both the VMI test and the MABC-2 manual dexterity test are dependent on hand function. Fine motor skills have been reported to be indirectly linked to mathematics through VMI in term-born children (21) . This was in line with a study of preterm born adolescents that showed that fine motor skills largely mediate VMI function (22) . As children born EPT are more likely to be left-handed (23), we also wanted to explore if this affected their VMI performance. However, in our cohort, the VMI scores were not affected by the handedness of the child.
Abnormal ophthalmological outcome was associated with poorer VMI performance in the univariate regression analysis, but this association disappeared when it was included in the multivariable analysis. We speculate that the influence of cognition and manual dexterity was so much stronger on VMI performance that they diminished the effect of ophthalmological outcome when they were investigated in the same model. A connection between cognitive and visual function has previously been reported in preterm children (24) and could contribute to an explanation for this finding.
In line with previous reports (25) , the administration of postnatal steroids was associated with poorer VMI performance in our cohort. Postnatal steroids have also been reported to be associated with decreased brain volumes (26) and with motor and cognitive impairment in preterm born children (25) . VMI is a complex procedure, involving several areas of the brain, and neuroimaging studies of preterm children have shown neurobiological correlates to VMI performance (27) . Therefore, it is reasonable to believe that postnatal steroids also affect brain growth in the areas involved in VMI.
We found a small, but statistically significant difference, between girls and boys in the group of children born EPT, but not in the group born at term. Sex differences in VMI performance have consistently been reported in children born preterm (8) , and the differences have also been reported in terms of other neurodevelopmental outcomes (10, 11, 28) and visual impairment (29) . Preterm boys consistently show greater impairment than preterm girls, and some neuroimaging studies have also reported that preterm boys have smaller brain volumes the female peers (10) .
A strength of the present study was the prospective cohort study design and the large sample size that comprised an entire national population. We also had a control group born at term, which is important when studying VMI, as it has been shown that VMI scores can vary between different cultures (30) . The VMI abilities in children born EPT were investigated from a holistic perspective, by analysing the contributions of fine motor ability, cognition and ophthalmological findings as well as the influence of perinatal and neonatal risk factors. A possible limitation of our study was that it was not possible to blind the examiners to group status, as the clinical examinations were also part of a clinical follow-up programme for children born EPT. Furthermore, severely impaired children were not able to complete the VMI test and consequently their level of VMI is unknown. Thus our study is likely to underestimate the VMI impairment in the EPT group. To perform the follow-up of children born EPT at a chronological age of six-and-a-half years is consistent with most recommendations. However, it could be speculated that the difference in VMI scores between children born EPT and at term could have been smaller if corrected age had been used. We did not have neonatal magnetic resonance imaging data for all of the children, and, therefore, we could not evaluate the influence of more subtle brain abnormalities. In addition, we did not evaluate visual perception separately and therefore this study was unable to address the question about to what extent visual perceptual problems in children born EPT contributed to the poor VMI found in this group of children.
CONCLUSION
The present study confirms and extends previous findings of poor VMI performances in children born EPT. Assessing VMI could be a step in understanding the links between preterm birth and later academic achievement and provide a basis for possible preschool interventions. A large proportion of the children born EPT showed VMI impairment, and VMI performance has been closely linked to academic performance. We suggest that this ability should be taken into account when evaluating the need for, and structure of, extra support at school for children born EPT.
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